Abstract--Rho-associated kinases ROCK1 and ROCK2 are key regulators of actin cytoskeleton dynamics downstream of Rho GTPases that participate in the control of important physiologic functions, S including cell contraction, migration, proliferation, adhesion, and inflammation. Several excellent review articles dealing with ROCK function and regulation have been published over the past few years. Although a brief overview of general molecular, biochemical, and functional properties of ROCKs is included, an effort has been made to produce an original work by collecting and synthesizing recent studies aimed at translating basic discoveries from cell and experimental models into knowledge of human physiology, pathophysiological mechanisms, and medical therapeutics. This review points out the specificity and distinct roles of ROCK1 and ROCK2 isoforms highlighted in the last few years. Results obtained from genetically modified mice and genetic analysis in humans are discussed. This review also addresses the involvement of ROCKs in human diseases and the potential use of ROCK activity as a biomarker or a pharmacological target for specific inhibitors.
I. Introduction
Rho-associated kinases (ROCKs) belong to the AGC family of serine/threonine kinases. Originally called ROKa, ROCK2 is the first ROCK isoform that was identified as a ubiquitously expressed RhoA binding protein containing an N-terminal serine/threonine kinase domain, highly related to the human myotonic dystrophy kinase. The ROCK kinase domain is followed by a coiled-coil region containing the Rho-binding domain (RBD) and a pleckstrin homology domain with a cysteine-rich domain toward the C terminus (Manser et al., 1994; Leung et al., 1995) . ROCK1 (ROKb or p160ROCK) was then discovered as another highly homologous active RhoA binding protein (Leung et al., 1996) . Human ROCK1 and ROCK2 genes are located on chromosome 18 (18q11.1) and chromosome 2 (2p24), respectively. ROCKs have been extensively studied and are identified as major downstream effectors of RhoA, playing a central role in the regulation of actin cytoskeleton dynamics and generation of actin-myosin contractility. Today, 20 years after their discovery, a PubMed search for "Rho kinase" returns approximately 10,000 references, including approximately 1000 reviews (Loirand et al., 2006; Thumkeo et al., 2013; Knipe et al., 2015) . Although initial ROCK studies focused on cell biology and function, subsequent evidence has recognized the role of ROCKs in the regulation of physiologic processes and their involvement in cardiovascular, metabolic, and neurologic disorders and cancer. Studies of ROCKs, both in humans and in genetically modified mouse models, have enhanced general knowledge of their pathophysiological mechanisms and have defined ROCK1 and ROCK2 as attractive and promising targets of inhibitory molecules for potential applications in a broad range of human diseases.
II. Rho-Associated Kinase Activity, Targets, and Roles
The overall identity of the human ROCK1 and ROCK2 protein sequences is 64% (Rath and Olson, 2012) . ROCK1 and ROCK2 have a similar structure, with 90% identity in the kinase domain, indicating that both isoforms share the same protein targets. More than 30 common ROCK substrates have been identified, most of which are involved in the regulation of cytoskeletal dynamics, cell morphology, and contraction (Schofield and Bernard, 2013) . One of the most described targets is the myosin binding subunit (MYPT1) of the myosin light chain phosphatase (MLCP). ROCKmediated phosphorylation of MYPT1 on Thr697 and Thr855 inhibits the catalytic activity of MLCP, leading to an increase in myosin light chain (MLC) phosphorylation. This mechanism is responsible for nonmuscle cell contraction and for sustained smooth muscle contraction through the process of calcium sensitization. [2] [3] amino) quinazolin-2-yl)phenoxy)-N-isopropylacetamide (formerly SLx-2119); L-NAME, N-nitro-L-arginine methylester; MLC, myosin light chain; MLCP, myosin light chain phosphatase; MYPT1, myosin binding subunit of the myosin light chain phosphatase; NO, nitric oxide; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; OVA, ovalbumin; PAH, pulmonary arterial hypertension; RBD, Rho-binding domain; ROCK, Rho-associated kinase; SAR407899, 6-(piperidin-4-yloxy)isoquinolin-1(2H)-one; SB-772077-B, 4-(7-{[(3S)-3-amino-1-pyrrolidinyl]carbonyl}-1-ethyl-1H-imidazo [4,5-c] pyridin-2-yl)-1,2,5-oxadiazol-3-amine; SM-ROCK2, smooth muscle-specific Rho-associated kinase 2-overexpressing; SR3677, N- 
Rho Kinases in Health and Disease
Although both ROCK isoforms regulate MLCP activity and MLC phosphorylation, the mechanisms involved are likely different because only ROCK2, but not ROCK1, binds directly to MYPT1 (Wang et al., 2009 ). Furthermore, depending on the cell type, downstream ROCK effects would depend on both the ROCK isoforms and ROCK targets expressed. Both ROCK isoforms are ubiquitously expressed; however, ROCK1 is abundantly expressed in the liver, lung, kidney, spleen, testis, and circulating inflammatory cells, whereas ROCK2 is mainly found in the heart, muscle (including smooth muscle), and brain. ROCK1 and ROCK2 also differ by their subcellular location (Schofield and Bernard, 2013) . ROCK2 is found in the cytoplasm, is associated with vimentin and actin stress fibers, and can be translocated to the plasma membrane (Leung et al., 1995; Sin et al., 1998; Chen et al., 2002) . Subcellular localization of ROCK1 is less clear. ROCK1 is thought to be associated with the catenin/E-cadherin complex in the apical junctions of endothelial cells and with the microtubule organizing center (Chevrier et al., 2002; Nishimura and Takeichi, 2008) .
Both ROCK1 and ROCK2 contain a single RBD in the central coiled-coil region of the protein that binds RhoA, RhoB, and RhoC, which promotes activation (Fig. 1) . However, identity of the RBD of ROCK1 and ROCK2 is only 59%, suggesting that these kinases can be regulated differently (Rath and Olson, 2012 ) (Table1). The C-terminal region maintains ROCKs in an autoinhibited state in basal conditions, likely through direct binding to the kinase domain, either by intramolecular or homodimeric interactions Doran et al., 2004; Shimizu et al., 2005) . Activation of ROCK must release the protein from this autoinhibitory conformation. This is achieved by several mechanisms, including Rho protein binding to RBD (Amano et al., 2000) , lipid (arachidonic acid, phosphatidylinositol-phosphates) interaction with the pleckstrin homology domain (Feng et al., 1999; Yoneda et al., 2005; Lowery et al., 2007; Wen et al., 2008) , and enzymatic removal of the C terminus by caspases or granzyme B (Sebbagh et al., 2001 (Sebbagh et al., , 2005 Sapet et al., 2006) , which can be different for ROCK1 and ROCK2 (Table 1 ). In addition, ROCK1 is subjected to negative control by the small G protein RhoE, which binds to its N terminus and prevents RhoA binding to RBD (Riento and Ridley, 2003) . This negative regulation is counteracted by phosphoinositide-dependent kinase-1, which prevents RhoE binding (Pinner and Sahai, 2008) . The small G proteins Gem and Rad also bind and inhibit ROCK1 and ROCK2, respectively, by unknown mechanisms (Ward et al., 2002) . Finally, phosphorylation, including autophosphorylation mechanisms, can either attest activation or modulate ROCK activity (Lowery et al., 2007; Lee et al., 2010; Chuang et al., 2012) .
In summary, despite the strong identity of ROCK1 and ROCK2, different upstream activating/regulating mechanisms, different subcellular distributions of ROCK1 and ROCK2, and coexpression of different targets with ROCK1 and/or ROCK2 in different cell types could all contribute to specific ROCK1 and ROCK2 functions. The development of isoform-specific ROCK knockout mice has helped to discriminate common and specific nonredundant functions of ROCK isoforms.
III. Lessons from Animal Models of Rho-Associated Kinase Deletion
Numerous studies aimed at elucidating the physiologic/ pathophysiological roles of ROCKs, relying on the use of pharmacological ROCK inhibitors in animal models, have produced a large body of useful and convincing data. However, interpreting these data is sometimes difficult and limited because of the lack of specificity of commonly used ROCK inhibitors such as fasudil [formerly HA-1077] ; and Y-27632 [(+)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexane carboxamide]. Indeed, these inhibitors similarly act on both ROCK isoforms and also block other serine-threonine kinases such as protein kinase C-related kinase 1 and protein kinase C-related kinase 2, cAMP-activated protein kinase, and AMPactivated protein kinase (Bain et al., 2007) . Mouse models of ROCK deletion have thus been developed to provide powerful tools to discriminate specific and nonredundant functions of ROCK1 and ROCK2 in vivo. Unfortunately, the critical role of ROCK1 and ROCK2 in cell function leads to a high rate of embryonic and perinatal lethality of total homozygous deletion of Rock1 or Rock2 (Thumkeo et al., 2003; Shimizu et al., 2005) , and the phenotype of both Rock1 2/2 and Rock2 2/2 mice is influenced by the genetic background.
Rock1 2/2 mice in a C57Bl/6 background are born with open eyelids and with an omphalocele, which is ROCK sequences comprise a kinase domain located at the amino terminus of the protein, followed by a coiled-coil region containing the RBD and a pleckstrin homology domain with a cysteine-rich domain. ROCK-1 and ROCK-2 are highly homologous, with an overall amino acid sequence identity of 65%. Common regulators are indicated in black, whereas specific ROCK1 and ROCK2 regulators are indicated in blue on the corresponding side. CRD, cysteine-rich domain; PH, pleckstrin homology.
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Loirand responsible for the postnatal death of the majority of Rock1 2/2 mice (90%) . Surviving Rock1 2/2 mice develop normally, with no obvious phenotypic abnormalities other than the eye defects. This phenotype is not observed in Rock1 2/2 FVB mice, but 60% of these mice die in utero before embryonic day E9.5 (Zhang et al., 2006) . Rock1 2/2 FVB mice that are alive at birth have no apparent congenital malformation; this suggests that, in this genetic background, Rock1 is critical at very early stages of development, before or early after embryo implantation.
Homozygous deletion of Rock2 in a mixed 129/SvJ and C57BL/6 genetic background leads to fetal death in more than 90% of Rock2 2/2 mice, which is attributed to thrombus formation, placental dysfunction, and intrauterine growth retardation (Thumkeo et al., 2003) . In a pure C57BL/6 background, open eyelids at birth and the presence of an omphalocele add to this phenotype, leading to a 99% mortality rate .
This suggests redundant roles of ROCK isoforms during embryonic development. Nevertheless, in the C57BL/6 mice background, open eyelids at birth and presence of the omphalocele phenotype observed in Rock1 2/2 and Rock2 2/2 mice indicate that both Rock1 and Rock2 are necessary for eyelids and ventricular body wall closure, and each isoform does not compensate for the absence of the other. Interestingly, mice expressing mutated MYPT1 that cannot be phosphorylated by ROCK exhibit a similar omphalocele phenotype, thus supporting a role of ROCK in signaling cascades that regulate closure of the ventral body wall at the umbilical ring (Chen et al., 2015) . This particular example suggests that the correlation between the phenotype of mice carrying genetic manipulation of known ROCK targets, as well as upstream ROCK regulators, and ROCK knockout phenotypes can provide useful data to identify ROCK signaling pathway components and to understand their biologic functions. Unfortunately, available data required to establish such phenotypic correlations are still limited. Because of the high number and diversity of ROCK substrates and upstream ROCK regulators (membrane receptors/ ligands; more than 30 RhoA exchange factors), each having numerous different targets in addition to ROCK and different expression profiles according to cell/tissue types, such a correlation is difficult to make and can potentially lead to misinterpretation from what we currently know.
The apparent normal development of Rock1 2/2 and Rock2 2/2 mice that are born and survive suggests that each ROCK isoform in these mice has been able to compensate for the function of the deleted isoform, which points to the need for careful interpretation of experimental data obtained with these mice. To circumvent these issues, relevant approaches in heterozygous Rock1 +/2 and Rock2 +/2 mice, as well as conditional and tissue-specific knockout mice, have been developed and prove valuable in elucidating isoform-specific physiologic and pathophysiological ROCK functions.
A. Cardiovascular Physiology and Pathophysiology 1. Cardiac Function and Hypertrophy. Chronic treatment with ROCK inhibitors limits agonist-or myocardial infarction-induced pathologic cardiac remodeling and hypertrophy in mice, suggesting a role of ROCKs in these processes (Kobayashi et al., 2002; Higashi et al., 2003; Satoh et al., 2003; Hattori et al., 2004; Wang et al., 2005; Loirand et al., 2013) . The cardioprotective effects of ROCK inhibitors have been attributed to a reduction of cardiomyocyte hypertrophy induced by increased mechanical strains or soluble hypertrophic signals (Hoshijima et al., 1998; Yanazume et al., 2002; Brown et al., 2006) , limitation of fibrosis (Li et al., 2012a; Yang et al., 2012) , and inhibition of cardiomyocyte apoptosis Shi et al., 2010) Although the mechanisms underlying the involvement of ROCK1 and/or ROCK2 and their respective roles in cardiac hypertrophy have not been completely elucidated, an increase in cardiac ROCK1 activity has been detected in response to pressure overload (Zhang et al., 2006) . The subsequent effect of ROCK activation may be related to the stimulation of hypertrophic gene transcription (Kuwahara et al., 2010) , downregulation of endothelial nitric oxide synthase (eNOS), and an increase in oxidative stress (Kobayashi et al., 2002; Mita et al., 2005) . Rock1
mice showed normal cardiac structure and function under basal conditions (Table 2) . Surprisingly, cardiac hypertrophy induced by angiotensin II (Ang II) or N-nitro-L-arginine methylester (L-NAME) assessed by wall thickness, left ventricular mass, cardiomyocyte size, and atrial natriuretic factor expression was also similar in control and Rock1
mice . However, compared with control mice, cardiac fibrosis and expression of fibrosis markers (transforming growth factor-b, connective tissue growth factor, and type III collagen) was reduced in Rock1 +/2 mice chronically treated with Ang II or L-NAME or after transaortic constriction . A similar observation, associated with a reduction in cardiomyocyte apoptosis, was made in Rock1 2/2 mice in response to pressure overload by aortic banding (Zhang et al., 2006) (Table 2) . These results are consistent with a major role of ROCK1 in pathologic cardiac fibrosis but not hypertrophy. This profibrotic role of ROCK1 has been confirmed by the extensive cardiac fibrosis due to upregulation of transforming growth factor-b and myofibroblast differentiation in a mouse model expressing a truncated activated form of ROCK1 in cardiomyocytes ( Table 2 ). The absence of a role of ROCK1 in pathologic hypertrophy was further supported in a mouse model with cardiac-specific overexpression of Gaq that develops compensated cardiac hypertrophy. Cardiac overexpression of ROCK1 in these mice results in increased cardiomyocyte apoptosis and accelerated hypertrophic decompensation (Shi et al., 2010) . By contrast, deletion of ROCK1 improves survival, inhibits cardiomyocyte apoptosis, and preserves left ventricular structure and function without ameliorating cardiac hypertrophy in old Gaq mice (Shi et al., 2008 (Shi et al., , 2010 (Table 2) . Although ROCK1 appears to play a key role in the transition from hypertrophy to heart failure, its deletion does not mimic the antihypertrophic effect of ROCK inhibitors, suggesting either a role of ROCK2 in the development of cardiac hypertrophy or a ROCK-independent effect of ROCK inhibitors. This latter hypothesis is further supported by the defects in cardiac organogenesis observed after treatment with ROCK inhibitors but not after deletion of Rock genes (Wei et al., 2001) .
The respective roles of ROCK1 and ROCK2 were further addressed by generating cardiomyocyte-specific Rock2 2 /2 (c-Rock2 2 /2 ) mice (Table 2 ). These mice display normal hemodynamic parameters, cardiac anatomy, and function under basal conditions (Okamoto et al., 2013) . However, Ang II infusion-induced cardiac hypertrophy is significantly reduced in c-Rock2 mice compared with control mice (Okamoto et al., 2013) . This protective effect of cardiomyocyte Rock2 deletion is associated with a decrease in hypertrophy-related fetal gene expression, intraventricular fibrosis, cardiac apoptosis, and oxidative stress. The antihypertrophic effect of Rock2 deletion was abolished by deleting or knocking down Fhl2 (four and a half LIM domains protein 2), a negative regulator of cardiac hypertrophy that binds and inhibits extracellular signal-regulated kinases and also antagonizes RhoA-mediated activation of serum response factor-dependent transcription (Okamoto et al., 2013) .
All of these data thus suggest that ROCK2, but not ROCK1, is an important mediator of cardiac hypertrophy through a mechanism that involves, at least in part, regulation of Fhl2, extracellular signal-regulated kinase, and serum response factor signaling. Reduced vascular smooth muscle cell proliferation
TgSM-Rock2
Increased PAH Shimizu et al., 2013 Increased vascular smooth muscle cell proliferation BP, blood pressure.
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2. Blood Pressure and Hypertension. High blood pressure was decreased by treatment with ROCK inhibitors in several experimental models of hypertension in mice and rats (Loirand and Pacaud, 2010) (Table 3) . Combined effects of ROCK inhibition, affecting central nervous system blood pressure regulation, arterial smooth muscle contractility, and inflammatory processes, likely account for the beneficial effect of ROCK inhibitors on hypertension (Loirand and Pacaud, 2010; Loirand et al., 2013) . Under basal conditions, Rock1 2/2 , Rock1
, and Rock2 +/2 mice displayed normal hemodynamic parameters, with blood pressure and heart rate values similar to those of control mice Zhang et al., 2006; Noma et al., 2008) . Treatment with Ang II or L-NAME similarly increases blood pressure in Rock1 +/2 mice and control mice. However, in these hypertension models, perivascular fibrosis is reduced in the heart of Rock1 +/2 mice compared with controls . This observation thus suggests that ROCK1 does not participate in the regulation of blood pressure and high blood pressure, which is likely exclusively dependent on ROCK2. Studies with an experimental model of hypertension in Rock2 +/2 mice or conditional models of Rock2 deletion would be useful to directly address and answer this question. Nevertheless, in contrast with previous publications, basal systolic blood pressure in Rock1
and Rock2 +/2 mice was recently described to be approximately 15 mm Hg lower than that of control mice, thus raising the possibility that both ROCK1 and ROCK2 can control blood pressure . Further studies, particularly with inducible and cell-specific ROCK1 and ROCK2 deletion (smooth muscle, endothelial, and immunoinflammatory cells) or ROCK isoformspecific inhibitors, are necessary to define the respective role of ROCK isoforms in the regulation of blood pressure and hypertension.
3. Pulmonary Arterial Hypertension. The efficiency of ROCK inhibitors (Y-27632 or fasudil) in reducing pulmonary arterial hypertension (PAH) in several experimental models in rats and mice suggests that ROCK activation is a critical shared mechanism in the pathogenesis of PAH Fagan et al., 2004; Nagaoka et al., 2004 Nagaoka et al., , 2005 . PAH is characterized by endothelial dysfunction, endothelial and smooth muscle cell proliferation, and increased vasoconstriction of pulmonary arteries. The role of vascular smooth muscle ROCK2 in the pathogenesis of PAH was recently investigated by the generation of smooth musclespecific Rock2 +/2 (SM-Rock2 +/2 ) mice and smooth muscle-specific Rho-associated kinase 2-overexpressing (SM-ROCK2) mice (Shimizu et al., 2013) (Table 3) . Compared with control mice, hypoxia-induced PAH is attenuated in SM-Rock2 +/-mice and potentiated in SM-ROCK2 mice. Lung immunostaining of Ki67 and phosphorylated extracellular signal-regulated kinase indicates that these effects are associated with a decrease and an increase in pulmonary artery cell proliferation in SM-Rock2 +/2 mice and SM-ROCK2 mice, respectively. The change in vascular smooth muscle cell migration and proliferation induced by genetic ROCK2 manipulation has been confirmed in vitro, indicating a primary intrinsic defect of vascular smooth muscle cells (Fig. 2) . This study thus highlights the causal role of vascular smooth muscle cell ROCK2 in the pathogenesis of PAH, partly through the regulation of vascular smooth muscle cell migration and proliferation, secondary to oxidative stress induction and cytokine production (Shimizu et al., 2013) .
Atherosclerosis. Y-27632 decreases atherosclerosis in Ldlr
2/2 mice and reduces T lymphocyte infiltration and inflammation within plaques, suggesting a role of ROCK1 and/or ROCK2 in atherogenesis (Mallat et al., 2003) . The respective role of ROCK1 and ROCK2 in the development of atherosclerosis has been further characterized by Rock1 2/2 and Rock2 2/2 bone marrow transplantation into irradiated Ldlr 2/2 mice ( Table 3) . Lack of ROCK1 in bone marrow-derived cells limits atherosclerosis and decreases inflammatory cells (macrophages, T cells) and lipid accumulation in the atherosclerotic lesions of Ldlr 2/2 mice . Both chemotaxis and the ability to take up modified lowdensity lipoprotein and undergo foam cell formation are impaired in bone marrow-derived Rock1 2/2 macrophages. Rock2 deletion or haploinsufficiency in bone marrow-derived cells also protects Ldlr 2/2 mice from atherosclerosis and reduces lipid deposition in atherosclerotic plaques . Foam cell formation is reduced in macrophages from bone marrow of Rock2 +/2 mice, although cholesterol uptake is not decreased. By contrast, the loss of ROCK2 in macrophages stimulates cholesterol efflux by upregulating the peroxisome proliferator-activated receptor-g/liver X receptor/ ATP-binding cassette transporter A1 pathway . Although these studies show that both ROCK isoforms are involved in the development of atherosclerosis in macrophages, these data reveal distinct functions of ROCK1 and ROCK2. Although they both contribute to lipid accumulation in atherosclerotic lesions and foam cell formation, macrophage ROCK1 favors macrophage chemotaxis and cholesterol uptake, whereas macrophage ROCK2 inhibits peroxisome 
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Loirand proliferator-activated receptor-g-dependent cholesterol efflux (Fig. 2) .
5. Neointimal Thickening/Restenosis. Long-term inhibition of ROCKs reduces neointimal thickening induced by coronary stent implantation in pigs or balloon injury in rats (Sawada et al., 2000) . Moreover, maintained activation of ROCK signaling is observed in human arteries after stent implantation (Guérin et al., 2005) . Neointima formation and vascular inflammation induced by carotid artery ligation were reduced in Rock1 +/2 mice but remained similar to controls in Rock2 +/2 mice (Noma et al., 2008) (Table 3 ). Bone marrow transplantation experiments then demonstrated a predominant role of ROCK1 in mediating neointima formation in leukocytes compared with that of ROCK1 in vascular wall cells. ROCK1 in circulating leukocytes appears to be the primary determinant of leukocyte recruitment to the endothelial surface and vascular cell proliferation via the subsequent release of inflammatory and proliferating factors. ROCK1 in endothelial cells participates in the induction of endothelial adhesion molecule expression (intercellular adhesion molecule 1, vascular cell adhesion molecule 1), whereas ROCK1 in vascular smooth muscle cells is involved in vascular smooth muscle cell migration (Noma et al., 2008) (Fig. 2) . In agreement with data obtained in atherosclerosis models, these findings point to the important contribution of leukocyte ROCK1 in the pathogenesis of vascular diseases characterized by an inflammatory component (Fig. 2) .
6. Endothelial Function and Dysfunction. A tight spatiotemporal regulation of ROCK activity in endothelial cells is essential for normal cell migration, lumen formation, and normal angiogenesis (Whitehead et al., 2009; Stockton et al., 2010; Davis et al., 2011) . Defective vascular remodeling in the yolk sac and in utero death before embryonic day E9.5 of homozygous mouse embryos deficient in both isoforms of ROCK (Rock1 2/2 ; Rock2 2/2 ) confirm the role of ROCKs in developmental angiogenesis and suggest a redundant role of ROCK isoform functions in vascular development during embryogenesis (Kamijo et al., 2011) .
Numerous studies have addressed the role of ROCKs in endothelial function, in part through the use of ROCK inhibitors. Endothelial ROCK activity has thus been shown to downregulate eNOS expression by decreasing eNOS mRNA stability (Laufs and Liao, 1998; Zhou and Liao, 2009 ). Moreover, ROCKs decrease eNOS catalytic activity by inhibiting the phosphoinositide 3-kinase/Akt pathway and stimulating arginase activity (Ming et al., 2002 (Ming et al., , 2004 Wolfrum et al., 2004) . Indeed, some of the beneficial effects of ROCK blockers on the cardiovascular system, as well as the pleiotropic effects of statins, have been attributed to their positive effects on nitric oxide (NO) production and availability as well as endothelial function . ROCKs also control endothelial barrier function. Basal endothelial ROCK activity is required for proper expression of VE-cadherin and endothelial barrier integrity (van Nieuw Amerongen et al., 2007) . By contrast, by inducing actomyosin contraction in endothelial cells, stimulation of ROCK activity disrupts endothelial cell junctions, increases endothelial permeability (van Nieuw Amerongen et al., 2007) , and facilitates leukocyte transendothelial migration (Heemskerk et al., 2014) .
In agreement with these functions of ROCK in endothelial cells, in vivo pharmacologic ROCK inhibition ameliorates endothelial function by restoring endothelium-dependent relaxation and eNOS expression and activity in a variety of animal models of pathophysiological conditions associated with endothelial dysfunction, such as hypertension or diabetes (Higashi et al., 2003; Bivalacqua et al., 2004; Shah and Singh, 2006a,b; Horowitz et al., 2007; Arita et al., 2009; Nuno and Lamping, 2010; Tsounapi et al., 2012) . Nevertheless, surprisingly, the use of genetically modified mice to dissect the role of endothelial cell ROCKs in endothelium function and dysfunction in vivo is limited to diabetic conditions. Vascular diseases are the principal causes of death and disability in people with diabetes (Creager et al., 2003) . Hyperglycemia-induced endothelial dysfunction, resulting from decreased NO production and the subsequent induction of oxidative stress and inflammation, is the initial trigger of the predisposition to atherosclerosis in patients with diabetes. In addition to the beneficial effect of ROCK inhibitors, the 2.5-fold increase in ROCK2 expression observed in the endothelium of diabetic rats further supports a role of ROCK in diabetes-induced endothelial dysfunction (Cicek et al., 2013) . In the streptozotocin model of diabetes in mice, although the increase in glucose levels was not modified, Rock1 or Rock2 haploinsufficiency abolished the diabetes-induced rise in blood pressure . Maximal contractile response to phenylephrine is not modified in Rock1 +/2 and Rock2 +/2 aortic rings but the sensitivity was significantly decreased. Endothelial-dependent relaxation and NO production are strongly enhanced in aortas from Rock1 +/2 and Rock2 +/2 mice compared with controls, and diabetesinduced endothelial dysfunction and decreased NO production are completely and partially abolished by Rock1 and Rock2 haploinsufficiency, respectively. These results suggest a dominant role of ROCK1 in diabetes-induced endothelial dysfunction. This effect of ROCK1 has been attributed to its stimulating action of arginase activity and/or expression (Table 3) .
B. Asthma
Asthma is characterized by bronchoconstriction, airway hyperresponsiveness, and inflammation. In animal models of allergic asthma, exposition to the allergen ovalbumin (OVA) induces ROCK activation in the lungs (Zhu et al., 2011 (Zhu et al., 2011) . Moreover, ROCK2, but not ROCK1, is involved in mucous cell hyperplasia in the OVA model of allergic asthma (Kasahara et al., 2015) . These results suggest that both ROCK1 and ROCK2 are independently required for allergen-induced airway hyperresponsiveness, likely through their effects in airway smooth muscle cell contraction and mast cell degranulation.
C. Glucose Metabolism
Studies of the effects of ROCK inhibitors on glucose homeostasis in vivo have produced conflicting results. In animal models of diabetes, chronic treatment with the ROCK inhibitor fasudil has been shown to either improve glucose tolerance or to have no effect on blood glucose levels Kolavennu et al., 2008) . By contrast, in normal mice, acute ROCK inhibition promotes insulin resistance by reducing insulin-mediated glucose uptake in skeletal muscle (Furukawa et al., 2005) . In agreement with this observation, Rock1 2/2 mice exhibit systemic insulin resistance (Lee et al., 2009 ). However, they show normal glucose tolerance, but with a 65% increase in glucoseinduced insulin secretion. Insulin resistance induced by Rock1 deficiency was attributable to an impairment of the insulin receptor substrate 1/phosphoinositide 3-kinase/Akt signaling pathway and glucose transport into skeletal muscle (Lee et al., 2009) .
Despite their insulin resistance, Rock1 2/2 mice display an increase in proximal insulin signaling in adipose tissue, and adipose tissue-selective deletion of Rock1 slightly ameliorates insulin sensitivity in the high-fat diet model of insulin resistance (Lee et al., 2014b) . Thus, in adipose tissue, ROCK1 negatively controls insulin action in vivo. However, loss of adipose ROCK1 leads to increased insulin receptor signaling, with a minor effect on whole-body metabolism and glucose homeostasis (Lee et al., 2014b) . These data also collectively confirm the complex and tissue-or cellspecific role of ROCKs in glucose metabolism and insulin signaling. In addition, a potential in vivo role of ROCK2 in glucose metabolism remains to be explored, since it has been described to regulate insulin receptor signaling in vitro (Farah et al., 1998) .
D. Kidney Function and Renal Disease
In addition to its role in the regulation of renal arteriolar contraction and glomerular blood flow and filtration, ROCK activity participates in the control of tubular cells, podocytes, and mesangial cell structure and function . Furthermore, involvement of the ROCK signaling pathway in the development of kidney disease is supported by the protective action of ROCK inhibitors in a variety of animal models of nephropathy (Nagatoya et al., 2002; Satoh et al., 2002; Kanda et al., 2003; Nishikimi et al., 2004) . Surprisingly, Rock1 2/2 mice are not protected against renal fibrosis in the unilateral ureteral obstruction model (Fu et al., 2006) . Indeed, Rock1 deletion enhances transforming growth factor-b/Smad signaling in the obstructed kidney, which can explain, at least in part, why Rock1 deletion fails to limit renal fibrosis. A role of ROCK2 and/or a nonspecific action of ROCK inhibitors could account for the discrepancy between the effect of pharmacological and genetic inhibition of ROCK signaling.
By contrast, deletion of Rock1 protected against the development of albuminuria in the model of streptozotocin-induced diabetic kidney disease (Zhou et al., 2011) . This effect is associated with a decrease in the activation of transforming growth factor-b signaling and fibrosis in the diabetic kidney. Therefore, in this model, deletion of Rock1 mimics the protective effect of ROCK inhibition on diabetic nephropathy (Kikuchi et al., 2007) . Analysis on Rock2 2/2 or Rock2 +/2 mice or even mice with combined genetic manipulation of both Rock isoforms would be useful to decipher their respective role in the kidney, which remains controversial.
IV. Association between Rho-Associated Kinase
Variants and Disease Susceptibility
Although the number of studies aimed at addressing the genetic contribution of ROCK1 and ROCK2 to disease susceptibility or protection is increasing, the overall conclusion that can be drawn is still not definitive, mainly because of the absence of replication studies. Most studies have used a candidate gene approach, and neither ROCK1 nor ROCK2 was identified to be associated with human disease in Western or Asian populations by genome-wide association studies (Table 4) .
A. Cardiovascular Diseases
A genetic analysis showed that the Thr431Asn ROCK2 variant (rs2230774, C/A) influences blood pressure. The AA genotype (Asn/Asn ROCK2) is associated with high basal blood pressure and increased systemic vascular resistance (Seasholtz et al., 2006) . The association of ROCK2 with hypertension was also evaluated in a large prospective cohort of hypertensive patients and healthy, normotensive controls (Rankinen et al., 2008) . A lower risk of high blood pressure is associated, in a recessive manner, with a major haplotype block, defined by four single nucleotide polymorphisms (rs965665, rs10178332, rs6755196, and rs10929732) at the ROCK2 locus. Homozygotes for the minor alleles 1082 Loirand have an 85% lower risk of hypertension than carriers of the common allele (Rankinen et al., 2008) . By contrast, no statistically significant associations have been detected between multiple variations within the ROCK2 locus (rs978906, rs2230774, and rs56304104) and coronary disease and blood pressure in a Chinese population . Several reasons can account for these inconsistent results for ROCK2 association with blood pressure, including patient selection/stratification, ethnic differences, and genotyping errors. Indeed, the complex pathogenesis of hypertension and the possible low effect of individual gene variations may also explain the lack of association between ROCK2 variants and this condition. Furthermore, considering the complex genetic network between ROCK2 and other genes within the same pathway, the potential roles of ROCK2 variations might be diluted or masked by gene-gene and/or gene-environment interactions.
Recently, two functional polymorphisms of ROCK2 (rs978906 and rs2230774) were found to be associated with stiffer arteries through modulation of ROCK2 activity and expression . Leukocyte ROCK activity is higher in subjects with the CC genotype at rs2230774 (Thr 431 /Thr 431 ROCK2) than AC and AA, without a change in the expression level of ROCK2. By contrast, the 39 untranslated region rs978906 polymorphism affected the expression of ROCK2 by interfering with miR-1183 binding.
In Korean individuals with vasospastic angina, an analysis of ROCK2 polymorphisms (rs978906, rs2271621, rs2230774, rs1515210, and rs3771103) showed that the G-T-C-T-G haplotype is protective against vasospastic angina (Yoo et al., 2012) .
A recent prospective study addressed the potential association of ROCK1 and ROCK2 with the risk of ischemic stroke in participants from the Women's Genome Health Study (Zee et al., 2014) . In this large cohort of 23,294 initially healthy Caucasian women, 7 single polymorphisms in ROCK1 show significant association with the risk of ischemic stroke, but none of the 15 ROCK2 single nucleotide polymorphisms tested were associated with ischemic stroke. The role of ROCK polymorphisms has also been investigated in cardiac malformations. The potential genetic factors in the development of nonsyndromic tetralogy of Fallot and the key role of ROCK1 in planar cell polarity provided a rational basis to analyze the role of genetic variation of ROCK1 in the risk of tetralogy of Fallot. Two rare frequency variants of ROCK1 (rs56085230 and rs288979) were thus found to significantly increase the risk of tetralogy de Fallot in a test cohort including 458 cases and 1331 controls (Palomino Doza et al., 2013) .
B. Cancer
Somatic mutations in ROCK1 and ROCK2 genes leading to constitutive activation have been identified in human cancer cell lines and primary tumors (Greenman et al., 2007; Lochhead et al., 2010) . In addition, genetic polymorphisms of ROCK genes are found to be associated with cancer.
Both ROCK1 and ROCK2 polymorphisms have been addressed in colorectal cancer development. A significant association was found between ROCK2 gene polymorphisms rs2290156, rs10178332, rs35768389 (Asp601Val), rs10929732, and rs34945852 (Lys1083-Met) and colorectal cancer in Turkish patients (Sari et al., 2013) . The disease is also associated with ROCK1 polymorphisms (rs73963110 and rs35996865). In addition, immunohistochemical staining indicated increased expression of both ROCK1 and ROCK2 in tumor tissues (Sari et al., 2013) .
By analyzing genotype distributions and allele frequencies for the ROCK2 polymorphisms rs2230774 (Thr431Asn) and rs1130157 (Arg83Lys) in patients with breast cancer, it has been shown that although the Arg83Lys polymorphism has no effect, Thr431 polymorphism of ROCK2 is a risk factor for metastases of breast cancer (Kalender et al., 2010) .
C. Autoimmune Diseases
The association between ROCK2 gene polymorphisms and Behcet disease, a multisystemic vasculitis, was screened in a Turkish population (Oguz et al., 2012) . The Asp601Val ROCK2 variant (rs35768389) was found to be associated with the disease. A significant association was also identified for rs1515219, whereas eight other variations tested (rs726843, rs2290156, rs965665, rs10178332, rs2230774, rs6755196, rs1029732, and rs34945852) did not show an association. In addition, an increase in mRNA ROCK2 expression was found in peripheral blood from patients with Behcet disease. These data thus suggest that ROCK2 polymorphisms may affect susceptibility to Behcet disease.
D. Glaucoma
Accumulating evidence suggests that ROCK participates in the regulation of aqueous outflow, including pharmacological data from clinical trials showing that ROCK inhibitors decrease intraocular pressure and demonstrate beneficial effects in glaucoma patients (Inoue and Tanihara, 2013) . ROCK gene polymorphisms were thus recently investigated in primary open-angle glaucoma, the most common form of glaucoma (Demiryürek et al., 2015) . However, neither ROCK1 nor ROCK2 polymorphisms were associated with the increased risk of primary open-angle glaucoma development (Table 4) .
V. Rho-Associated Kinase Activity or Expression:
Candidate Biomarker of Human Diseases
A. Cardiovascular Diseases
In agreement with in vitro and animal studies, both genetic and pharmacological studies support a role of ROCK activation in the development of cardiovascular pathologies such as hypertension, pulmonary hypertension, atherosclerosis, and restenosis in humans ( Fig. 3 ; Table 5 ). Therefore, it would be clinically relevant to assess the level of ROCK activity in patients with cardiovascular diseases or risk factors. In 2007, a seminal article reported that the metabolic syndrome is associated with increased leukocyte ROCK activity, and that ROCK activity in leukocytes could be used as an independent predictor and a surrogate marker for diagnosis of the metabolic syndrome (Liu et al., 2007) . Increased ROCK activity was then observed in dyslipidemic subjects without cardiovascular disease and was reduced by statin treatment (Liu et al., 2009a) . Leukocyte ROCK activity is also higher in patients with cardiovascular diseases than in healthy individuals (Hata et al., 2011a) . Interestingly, in patients with cardiovascular disease, ROCK activity in leukocytes Loirand correlates with the increased forearm blood flow induced by the ROCK inhibitor fasudil, indicating that leukocyte ROCK activity is an index of vascular ROCK activity (Hata et al., 2011a) . ROCK activity was also found to be increased in leukocytes or neutrophils from patients with coronary vasospastic angina and was decreased by antispastic treatment (Hung et al., 2012; Kikuchi et al., 2011) . Indeed, ROCK activity in leukocytes independently predicted the presence of coronary vasospastic angina and correlated with disease severity (Hung et al., 2012) . Increased leukocyte ROCK activity was even greater in patients with concomitant peripheral and coronary arterial disease, suggesting that ROCK activity may be a potential marker of atherosclerotic burden for patients with polyvascular disease (Dong et al., 2013) .
Regarding ischemic stroke, it has been reported that peripheral leukocyte ROCK activity is elevated in patients 24-72 hours after stroke onset (Feske et al., 2009) . Recently, a prospective study was carried out to assess the association of leukocyte ROCK activity with outcomes after acute ischemic stroke (Cheng et al., 2014) . It was thus further shown that leukocyte ROCK activity is higher in patients with acute ischemic stroke than in the cardiovascular risk-matched control group without a stroke history (Cheng et al., 2014) . Leukocyte ROCK activity was not found to correlate with inflammatory markers such as white blood cell count, serum level of high sensitive C-reactive protein, interleukin (IL)-6, or tumor necrosis factor-a. However, leukocyte ROCK activity upon admission was significantly associated with lower stroke-free event survival after acute ischemic stroke, and it was thus defined as an independent predictor for recurrent stoke in patients who had an atherosclerotic stroke (Cheng et al., 2014) .
Similarly, ROCK activity in peripheral blood mononuclear cells is increased in hypertensive patients and can be reduced by antihypertensive treatments, particularly calcium channel blockers (Hata et al., 2011b) . Leukocyte ROCK activity in treated hypertensive patients is similar to that of controls (Ocaranza et al., 2011) .
In patients with pulmonary hypertension, ROCK activity is significantly higher in both lung tissues and circulating neutrophils compared with controls (Do e et al., 2009). A significant correlation was established between neutrophil ROCK activity and the severity and duration of pulmonary hypertension (Do e et al., 2009) .
Compared with healthy individuals, leukocyte ROCK activity is increased in patients with stable chronic congestive heart failure, as well as in individuals with acute heart failure (Ocaranza et al., 2011; Dong et al., 2012; Do e et al., 2013) . Upregulation of ROCK1, ROCK2, and RhoA expression was also detected in leukocytes from patients with congestive heart failure compared with controls (Dong et al., 2012) . Whether increased ROCK activity is a marker of the deterioration of systolic function is still unclear, because reports have suggested both that a correlation with left ventricular ejection fraction exists (Ocaranza et al., 2011; Dong et al., 2012) and that there is no correlation (Do e et al., 2013) . Nevertheless, the combination of ROCK activity and N-terminal prohormone of brain natriuretic peptide (NT-proBNP) was found to be more useful for predicting mortality in patients with chronic heart failure than NT-proBNP alone. These results suggest that although NT-proBNP is a more sensitive biomarker than ROCK activity, ROCK activity may be an index of inflammation, endothelial dysfunction, and vasoconstriction associated with chronic heart failure (Dong et al., 2012) .
In healthy subjects as well as those with cardiovascular risk factors but no established cardiovascular or (Soga et al., 2011) . This later correlation thus suggests that leukocyte ROCK activity possibly predicts cardiovascular mortality and morbidity. This possibility was addressed in a recent prospective study in a large population (633 subjects) over 42 months of follow-up (Kajikawa et al., 2014) . Elevated leukocyte ROCK activity correlated with first major cardiovascular events, including myocardial infarction, stroke, and death from cardiovascular causes. Therefore, ROCK activity in leukocytes seems to be a potential biomarker for predicting cardiovascular events. Taken together, all of these studies highlight the potential for using leukocyte ROCK activity as a biomarker of cardiovascular risk factors, mortality, and morbidity; however, these findings also raise several questions. Why is leukocyte ROCK activated in patients with cardiovascular diseases? Is there a link between the mechanisms responsible for this increased ROCK activity in leukocytes and those responsible for the pathogenic action of ROCK overactivation in vascular or cardiac cells? Is there a causal relationship between the activation of ROCK in leukocytes and the development/ progression of cardiovascular diseases? Moreover, another methodologic issue should be addressed before implementing a clinical application of the quantification of leukocyte ROCK activity: the duration and complexity of the Western blot protocols currently used to determine leukocyte ROCK activity is not compatible with a routine biological test. New appropriate quantitative methods should thus be developed before clinical use of leukocyte ROCK activity as a biomarker becomes possible.
B. Autoimmune Diseases
Contribution of the ROCK pathway to autoimmunity and autoimmune disease is emerging (Reedquist and Tak, 2012) . This is supported by in vitro demonstration of the role of ROCK signaling in T cell development and function, including adhesion, chemotactic responses, and antigen-dependent activation, as well as the beneficial effect of ROCK inhibition in experimental models of rheumatoid arthritis and lupus (Li et al., 2007; He et al., 2008; Stirzaker et al., 2012) . In an attempt to assess the ROCK pathway in human autoimmune diseases, measurement of leukocyte ROCK activity shows that 60% of patients with systemic lupus erythematosus exhibit an increase in ROCK activity (Isgro et al., 2013) . This observation is consistent with a role of dysregulation of ROCK signaling in the pathogenesis of autoimmune disorders. It also suggests that ROCK could be a novel therapeutic target for the treatment of systemic lupus erythematosus, and measurement of leukocyte ROCK activity may be useful to assess the efficacy of therapies in patients treated for this disease.
C. Cancer
Several studies described the inhibitory effects of ROCK blockers on in vitro adherent tumor cell migration and invasion (Gutjahr et al., 2005; Torka et al., 2006; Patel et al., 2014) , although recent data showed that ROCK inhibition increases the metastatic potential of nonadherent breast tumor cells by increasing their reattachment efficacy (Bhandary et al., 2015) . ROCKs have been implicated in the pathogenesis of cancer and several aspects of human tumor progression (Rath and Olson, 2012) . The prognosis value of ROCKs has thus been assessed by examining ROCK expression in association with histopathologic characteristics of human tumors. It should be kept in mind that because ROCK activity is controlled by numerous positive and negative regulators, the expression of ROCKs does not obligatorily reflect their activity.
In bladder cancer, ROCK1 and ROCK2 expression is significantly greater in primary tumors than in the nonneoplastic bladder. Tumor ROCK expression is associated with poor differentiation, muscle invasion, lymph node metastasis, and short survival, suggesting that ROCKs could be involved in the progression of bladder cancer and may be valuable prognostic markers (Kamai et al., 2003) .
A similar observation has been reported for ROCK1 in breast cancer, with a high expression of ROCK1 in metastatic breast tumors compared with nonmetastatic tumors (Liu et al., 2009b ) and a correlation with clinicopathologic parameters and overall patient survival (Lane et al., 2008; Bottino et al., 2014) .
ROCK2, but not ROCK1, is also overexpressed in human hepatocellular carcinoma compared with the nontumorous liver, and the overexpression of ROCK2 is positively associated with the presence of intrahepatic metastasis and is thus a sign of more aggressive biologic behavior (Wong et al., 2009) .
ROCK1 is highly expressed in various tumor cell lines and tumor tissues from patients with osteosarcoma. Moreover, high levels of ROCK1 expression are associated with shorter overall patient survival . Surprisingly, opposing results were recently reported in vulvar cancer, in which the level of ROCK1 expression was lower than in adjacent normal tissue and lower expression of ROCK1 correlated with a low survival rate, suggesting that ROCK1 expression is a marker of good prognosis in vulvar cancer (Akagi et al., 2014) .
Although these data suggest a role of ROCKs in cancer progression and invasiveness and show that ROCKs could represent potential prognosis markers and therapeutic targets, further studies are needed to 1086 Loirand understand the specific roles of ROCK1 and ROCK2 in different human cancers.
VI. Pharmacological Rho-Associated
Kinase Inhibitors
A. Rho-Associated Kinase Inhibitors
Fasudil (formerly HA-1077), an isoquinoline derivative initially developed as an intracellular calcium antagonist, and the pyridine derivative Y-27632 were the first ATP-competitive ROCK inhibitors described. They have been used extensively as experimental pharmacological tools to explore in vivo ROCK functions and their involvement in a large panel of processes and diseases. Nevertheless, both compounds have a low potency (micromolar) compared with clinically approved kinase inhibitors (less than nanomolar) and they inhibit other kinases involved in the same cellular functions as ROCKs (Bain et al., 2007) . These limitations have prompted the development of new more selective and more potent ROCK inhibitors that are more suitable as human therapeutic agents. Given the different roles of ROCK1 and ROCK2 highlighted in the past few years, an additional challenge is to discover isoform-specific ROCK inhibitors. Active research has thus been carried out recently to develop a new series of ROCK inhibitors based on different scaffolds (Guan et al., 2013; Pan et al., 2013; Feng and LoGrasso, 2014) . Here, we summarize typical examples of these new compounds.
H-1152 [(S)-(+)-2-methyl-1-[(4-methyl-5-isoquinolinyl) sulfonyl]-hexahydro-1H-1,4-diazepine], a derivative of fasudil showing better potency and selectivity, has been developed but only used in preclinical in vitro and in vivo studies (Sasaki et al., 2002) . The Y-27632 derivative Y-39983 [also known as RKI-983 and SNJ-1656;
benzamide hydrochloride] is 30-fold more potent on ROCK activity than Y-27632 and seems promising for future therapeutic applications (Tokushige et al., 2007) 
benzoate] is another Y-27632 derivative equipotent to Y-39983 that similarly inhibited ROCK1 and ROCK2, with IC 50 values of 3.7 and 2.3 nM, respectively. AMA0076 displays soft drug properties, characterized by its conversion into its rapid functionally inactive metabolite, and it is expected to have better pharmacokinetic parameters and decreased side effects ( Van de Velde et al., 2014) .
Other for recombinant human ROCK1 and ROCK2, respectively; these compounds also block several other kinases (Doe et al., 2007) . They both relax arterial contraction in vitro and decrease blood pressure in rats in vivo (Doe et al., 2007) . The Sanofi compound SAR407899 [6-(piperidin-4-yloxy)isoquinolin-1(2H)-one], with IC 50 values of 276 nM and 102 nM for ROCK1 and ROCK-2, respectively, was 4-fold more active than Y-27632 and 8-fold more active than fasudil (Löhn et al., 2009) . Despite its ability to potently relax precontracted arteries, its efficient antihypertensive properties after oral administration in rodents, and testing in clinical trials, the development of this compound has been discontinued.
Among new ROCK1 and ROCK2 inhibitors developed, AR-12286 [2-(dimethylamino)-N-(1-oxo-2H-isoquinolin-6-yl)-2-thiophen-3-ylacetamide], which originated from a 6-aminoisoquinoline amide series, and the isoquinoli-
isoquinoline] appeared as promising compounds. K-115 was characterized as a highly selective ROCK inhibitor, with IC 50 values of 51 nM and 19 nM for ROCK1 and ROCK2, respectively, whereas IC 50 values for other kinases such as protein kinase C are in the micromolar range (Isobe et al., 2014) .
Various classic approaches of screening as well as fragment-based drug discovery methods and optimization have led to the identification of compounds with different selectivity for ROCK1 and ROCK2 (Boerma et al., 2008; Ray et al., 2011; Li et al., 2012b) . Among them, KD-025 [2-(3-(4-((1H-indazol-5-yl)amino)quinazolin-2-yl) phenoxy)-N-isopropylacetamide; formerly SLx-2119] was the first and remains the only ATP-competitive isoform-selective ROCK2 inhibitor. Its selectivity is approximately 200-fold better toward ROCK2 than ROCK1, with IC 50 values of 105 nM and 24 mM, respectively (Boerma et al., 2008) , and KD-025 has potential therapeutic applications for ischemic stroke (Lee et al., 2014a) and autoimmune disease (Zanin-Zhorov et al., 2014) .
B. Clinical Evaluation and Potential Applications of Rho-Associated Kinase Inhibitors
Fasudil was approved in Japan in 1995, and it is used as a vasodilator to prevent cerebral vasospasm after surgery for subarachnoid hemorrhage and to improve blood flow after acute ischemic stroke (Shibuya et al., 1992) . The favorable safety profile of fasudil, the results from experiments in ROCK-deficient mice, and the improvement obtained by pharmacological ROCK inhibition in animal models of human diseases provided solid bases to translate the benefits of ROCK inhibitors to humans in different clinical indications.
1. Central Nervous System Disorders. a. Subarachnoid hemorrhage-induced vasospasm. Since 1995, several large-scale clinical trials have been conducted to assess the safety and efficacy of intraarterial administration of fasudil to prevent or reverse Rho Kinases in Health and Disease cerebral vasospasm in patients with subarachnoid hemorrhage after trauma or rupture of a cerebral aneurysm. Fasudil has thus demonstrated tolerability, safety, and efficacy in a large number of patients (n = 1462) undergoing surgery for SAH . A meta-analysis including eight clinical series recently reported that fasudil decreased, in a statistically significant fashion, the incidence of angiographic and clinical vasospasm . The beneficial effect of fasudil has been attributed to ROCK inhibition and the resulting decrease of MLC phosphorylation and vascular smooth muscle cell contraction, amelioration of endothelial function, and reduction of inflammation. However, nonspecific inhibition of other kinases could not be excluded.
b. Cerebral stroke. Ischemic stroke is a common complication of atherosclerosis, leading to brain damage associated with a high rate of death or severe disability. In animal models of acute cerebral ischemia, ROCK inhibitors increase cerebral blood flow and reduce the area of infarct, likely through stimulation of eNOS activity (Shin et al., 2007) . Inhibition of ROCK also prevents ischemia/reperfusion-induced ROS-dependent blood-brain barrier damage (Kahles et al., 2007) . In addition to these vascular effects, inhibition of ROCK also preserves cerebral tissue from damage by decreasing neuronal apoptosis via stimulation of Akt signaling (Wu et al., 2012) . This experimental evidence thus points to a promising protecting effect of fasudil against acute ischemic stroke-induced neuronal loss in humans (Satoh et al., 2001; Vesterinen et al., 2013) . This hypothesis has been addressed in a phase 3 clinical studies in 160 patients with acute ischemic stroke. Intravenous fasudil administration within 48 hours after ischemic stroke for 14 days significantly improved neurologic function at 2 weeks and clinical outcomes at 1 month after the onset of symptoms (Shibuya et al., 2005) . Additional trials in larger populations and longer follow-up would be useful to confirm these results.
Recently, the novel ROCK2-selective kinase inhibitor KD-025 orally administered by gavage 1-3 hours after ischemia onset showed good efficacy on cerebral ischemic outcomes in mice (Lee et al., 2014a) . Improved tissue outcomes persisted for at least 4 weeks. Moreover, contrary to previously tested isoform-nonselective ROCK inhibitors, KD-025 did not cause severe hypotension. This suggests that the beneficial effect of ROCK inhibition in acute ischemic stroke mainly resulted from vascular, brain, and/or leukocyte ROCK2 inhibition and that specific ROCK2 inhibitors, with limited hypotensive effects, could have a more favorable safety profile than isoform-nonselective ROCK inhibitors. In a phase 1 study in healthy volunteers, KD-025 showed no major side effects, raising hopes that clinical trials in patients with ischemic stroke could be performed in the near future (Lee et al., 2014a) .
c. Spinal cord injury. Induction of neural plasticity and regeneration is a challenge for the treatment of traumatic or nontraumatic spinal cord injury. RhoA/ ROCK signaling activation downstream of Nogo receptor family members or chondroitin sulfate proteoglycan receptors promotes axon growth inhibition, thus suggesting that inhibition of this pathway may be a promising strategy for axon regeneration (Fujita and Yamashita, 2014) . Indeed, treatment with the ROCK inhibitors fasudil or Y-27632 stimulates axonal regrowth and functional recovery in animal spinal cord injury models (Hara et al., 2000; Dergham et al., 2002; Fournier et al., 2003; Sung et al., 2003) . A recent metaanalysis of 30 preclinical studies reposted that RhoA/ ROCK inhibition improves by 15% locomotor recovery after experiment spinal cord injury (Watzlawick et al., 2014) . A phase 1/2 clinical trial (Japan Primary Registries Network identifier UMIN000000825) designed to assess the safety and feasibility of the combination of fasudil and olfactory mucosa autograft into patients with injured spinal cords has been completed in Japan but no results have been disclosed (Table 6) . Nevertheless, the increase neurologic recovery observed in patients with cervical or thoracic spinal cord injury treated with a single dose of Rho inhibitor Cethrin Loirand supports that ROCK is promising molecular target for the treatment of spinal cord injury (Fehlings et al., 2011) . d. Neurodegenerative Diseases. Alzheimer disease is characterized by the extracellular deposition of b-amyloid aggregates. Several studies have demonstrated the involvement of ROCKs in the cleavage of amyloid precursor protein to the toxic b-amyloid peptide (Salminen et al., 2008) . In murine models of Alzheimer disease, treatment with ROCK inhibitors reduces the level of toxic b-amyloid peptide (Zhou et al., 2003) , promotes elongation of dendrite arbors (Couch et al., 2010) , and improves learning dysfunction (Hou et al., 2012) . Furthermore, the ROCK inhibitor fasudil reduces cognitive impairment and hippocampal neurodegeneration induced by b-amyloid peptide by suppressing the inflammatory response (Song et al., 2013) . The anti-inflammatory, neuroprotective, and neuroregeneration-stimulating activities of ROCK inhibitors can be an added value in this pathologic context (Mueller et al., 2005) . However, ROCK1 and ROCK2 knockdown experiments in human neuroblastoma cells resulting in increased and decreased b-amyloid peptide secretion, respectively, have revealed opposing effects of ROCK isoforms (Herskowitz et al., 2013) . Accordingly, the net effect of nonselective ROCK inhibitors on b-amyloid peptide secretion is limited, and selective ROCK2 inhibition by SR3677 [N-[2-[2-(Dimethylamino)ethoxy]-4-(1H-pyrazol-4-yl) phenyl-2,3-dihydro-1,4-benzodioxin-2-carboxamide dihydrochloride] results in a significantly greater effect (Herskowitz et al., 2013) . These data support the need to develop isoform-selective ROCK2 inhibitors in this particular pathologic context.
A role of ROCKs has also been proposed in other neurodegenerative diseases, including Parkinson disease, Huntington disease, and amyotrophic lateral sclerosis. Fasudil prevents dopaminergic neuron degeneration and improves motor performance in a mouse model of Parkinson disease through stimulation of the Akt-mediated neuroprotective pathway (Tonges et al., 2012) . This neuroprotection also supports the beneficial effect of pharmacologic ROCK inhibition in the R6/2 HD mouse model of Huntington disease (Li et al., 2009) . In the mouse model of amyotrophic lateral sclerosis (hSOD1 G93A ), neuron loss has been attributed to ROCKmediated inhibition of Akt signaling, and inhibition of this pathway by fasudil slows disease progression and prolongs survival time (Takata et al., 2013) . In an experimental autoimmune encephalomyelitis animal model of multiple sclerosis, RhoA-ROCK signaling in autoreactive Th1/Th17 helper T cells has been identified as a potential target for treatment of multiple sclerosis and related neurodegenerative disorders (Paintlia et al., 2012) .
These preclinical studies in rodents suggest neuroprotective and neuroregeneration-stimulating activities of ROCK inhibitors that make them promising candidates for the treatment of diverse neurodegenerative disorders. As a logical outcome, the ROCK inhibitor fasudil is currently in a phase 2 clinical trial (ClinicalTrials.gov identifier NCT01935518) for the treatment of amyotrophic lateral sclerosis (Table 6) .
2. Cardiovascular diseases. As the major downstream RhoA effector and a key regulator of vascular smooth muscle cell contraction and endothelial function, ROCK was identified as an interesting target for cardiovascular pharmacology. After numerous and positive preclinical studies, several clinical trials have demonstrated some benefits of ROCK inhibition in cardiovascular diseases in humans.
a. Systemic hypertension. Intra-arterial administration of fasudil induces a stronger decrease in forearm vascular resistance in patients with essential hypertension than in normotensive patients, suggesting that hypertension-associated vascular dysfunction depends, at least in part, on ROCK activation (Masumoto et al., 2001) . Recently, it was shown that ROCK activity and ROCK-dependent vasoconstriction of cutaneous vessels are upregulated in patients with essential hypertension compared with normotensive subjects, thus confirming the potential role of increased ROCK-dependent arterial tone in hypertension (Smith et al., 2013) . However, unexpectedly, the blood pressure-lowering effect of ROCK inhibitors generally decreases after 7-10 days of chronic treatment for reasons that are unknown (Feng and LoGrasso, 2014) .
b. Pulmonary arterial hypertension. Acute intravenous or inhaled fasudil treatment significantly also reduces pulmonary vascular resistance and mean pulmonary arterial pressure in patients with severe PAH (Fukumoto et al., 2005; Ishikura et al., 2006; Fujita et al., 2010) ; More recently, chronic effects have been analyzed by the use of AT-877ER, an extendedrelease formulation of fasudil . Three months of treatment with AT-877ER led to significant improvement in patients with PAH, with a correlation with serum levels .
c. Spastic and stable effort angina. Intracoronary administration of fasudil reduces myocardial ischemia by preventing coronary artery spasm in patients with vasospastic angina (Masumoto et al., 2002) . The antianginal effect of fasudil was further documented in larger clinical trials in patients with stable effort angina. Long-term oral treatment with fasudil reduces myocardial ischemia and ameliorates exercise tolerance Vicari et al., 2005) . Supported by these effects of ROCK inhibitors in humans and their beneficial actions in animal models of atherosclerosis, two phase 2 clinical trials (ClinicalTrials. gov identifiers NCT00120718 and NCT00670202) are assessing the effect of fasudil in atherosclerosis (Table 6 ).
Rho Kinases in Health and Disease d. Raynaud phenomenon. In light of the observed antivasospastic effect of fasudil, the exacerbated coldinduced vasospasm in patients with Raynaud phenomenon represents a potential interesting clinical application of ROCK inhibitors. In a small clinical trial in 17 patients with Raynaud phenomenon secondary to systemic sclerosis, a single dose of fasudil demonstrated a significant benefit in terms of digital blood flow after a cold challenge (Fava et al., 2012) .
3. Glaucoma. Glaucoma is a frequent optic neuropathy identified as the second leading cause of vision loss worldwide. Lowering intraocular pressure is the only therapeutic strategy shown to be effective in the treatment of glaucoma. Accumulating preclinical evidence shows that activation of RhoA/ROCK in the outflow pathway (trabecular meshwork, Schlemm canal) reduces aqueous humor outflow, thereby increasing intraocular pressure (Inoue and Tanihara, 2013) . By contrast, ROCK inhibition increases aqueous humor outflow and decreases intraocular pressure, an effect mainly attributed to the relaxing action of ROCK inhibitors on smooth muscle-like trabecular meshwork cells shown to express both ROCK1 and ROCK2 . Several phase 1 and phase 2 clinical trials have been conducted to assess the safety and efficacy of topical application of various ROCK inhibitors in patients with glaucoma or ocular hypertension. Although results from some of these studies have not yet been published (Table 6) , clinical studies of K-115 (ripasudil; Tanihara et al., 2013 Tanihara et al., , 2015 and AR-13324 [XXX] (Bacharach et al., 2015) demonstrated safety and efficacy of once-or twice-daily administration of the inhibitor to decrease intraocular pressure. A phase 3 clinical trials for AR-13324 is in progress (Table 6 ). After its phase 3 trial, ripasudil (ophthalmic solution 0.4%; Glanatec; DWTI, Nagoyashi, Japan) was approved in Japan at the end of 2014 for the treatment of glaucoma and ocular hypertension when other therapeutic agents are not effective or cannot be administered. A phase 2 study is in progress to assess the effect of ripasudil for the treatment of diabetic retinopathy.
4. Autoimmune Diseases. ROCK activity was reported to be upregulated in patients with autoimmune disease (rheumatoid arthritis and systemic lupus erythematosus), and ROCK inhibition reduces autoimmune responses in animal models (He et al., 2008; Biswas et al., 2010) . By controlling IL-21 and IL-17 production, ROCK2 plays a major role in the control of autoimmunity in mice (Biswas et al., 2010) . ROCK2 seems to also be important for autoimmunity in humans, because the selective ROCK2 inhibitor KD-025 inhibited IL-21 and IL-17 secretion in T cells derived from healthy subjects or patients with rheumatoid arthritis and promoted the suppressive function of regulatory T cells (Zanin-Zhorov et al., 2014) . By regulating the balance between proinflammatory and regulatory T cells, selective ROCK2 inhibition could represent a novel therapeutic strategy for the treatment of autoimmune diseases. This hypothesis is currently being assessed in phase 2 clinical trials in patients with psoriasis (Table 6) .
5. Perspectives for Other Diseases. Various data showing the effects of ROCK inhibitors in cancer cell lines or in animal cancer models support potential applications of ROCK inhibitors in cancer treatment but they have not yet led to clinical trials (Morgan-Fisher et al., 2013) . Both isoform-nonselective ROCK inhibitors and the specific ROCK2 inhibitor KD-025 delayed tumor growth (Boerma et al., 2008) . More data are required, including the use of Rock1 and Rock2 knockout mice in cancer studies, to elucidate the usefulness of ROCK inhibitors for the treatment of cancer, prevention of metastasis, and inhibition of tumor growth and vascularization.
On the basis of the potentiating effect of ROCK inhibitors on production and the effect of vascular NO, ROCK signaling has been recognized as a new therapeutic target for the treatment of erectile dysfunction (Sopko et al., 2014; Toque and Caldwell, 2014) . A phase 2 clinical trial (ClinicalTrials.gov identifier NCT00914277) comparing SAR407899 to placebo and sildenafil has been completed but no results have been published thus far (Table 5) . Further clinical trials are thus required to establish whether ROCK inhibitors are indeed an alternative efficient therapy to current erectile dysfunction treatments.
Chronic kidney disease is a serious public health problem that may also be considered as a relevant indication for the therapeutic use of ROCK inhibitors. Among the major outcomes of chronic kidney disease is the development of cardiovascular disease; conversely, cardiovascular disease induces renal damage and chronic kidney disease. Fasudil has demonstrated renoprotective action in various models of renal disease, owing to combined inhibitory effects on macrophage infiltration, cell proliferation, oxidative stress, expression of extracellular matrix genes, and urinary protein reduction (Kanda et al., 2003; Nishikimi et al., 2004; Ishikawa et al., 2006) . A phase 1 study (ClinicalTrials. gov identifier NCT01485900), designed to assess safety and tolerability of repeated multiple doses of SAR407899 in patients with chronic kidney disease treated with angiotensin-converting enzyme inhibitors has been completed, but no results have been reported to date (Table 6) .
ROCK inhibitors might also represent interesting therapeutic tools in the treatment of pulmonary and respiratory diseases. In light of recent results in mouse models, the potential beneficial effect of ROCK inhibitors in asthma deserves to be further investigated, particularly for understanding the respective roles of ROCK1 and ROCK2, before considering the use of inhaled ROCK inhibitors for the treatment of allergic and nonallergic airway hyperresponsiveness. Regarding 1090 Loirand pulmonary fibrosis, results from animal studies, characterized by short median survival and limited efficient treatment, identified ROCK inhibitors as potential powerful pharmacological agents to halt progression of pulmonary fibrosis (Knipe et al., 2015) .
VII. Conclusions
Major advances emerging from recent research on ROCKs cover three main aspects. The first is the identification of common and divergent roles of ROCK1 and ROCK2 isoforms. Despite their strong homology, both isoforms possess nonredundant functions, which deserve to be more deeply investigated to provide relevant clues that may help to define therapeutic applications of ROCK inhibition and to determine whether isoform-selective inhibitors would be better than nonselective ROCK inhibitors. Generation and analysis of cell-and tissue-specific Rock1 and Rock2 knockout mice will likely provide valuable input on this area in the near future. The second aspect, linked to the first, is the development of isoform-selective ROCK inhibitors, with KD-025 as the first ROCK2-specific inhibitor. Development and optimization of new molecules is expected to identify new inhibitors targeting ROCK1, ROCK2, or both. Preclinical studies will be required to address several important questions on the therapeutic use of ROCK inhibitors, including the risk of drug resistance by compensatory mechanisms by other proteins that are involved in the same signaling pathway or are able to play a role similar to ROCKs. An additional question for isoform-selective ROCK inhibitors concerns the risk of cross-compensatory mechanisms.
The third major achievement is the development of translational research and clinical trials to understand the role of ROCKs in human physiology and diseases, as well as to assess not only the usefulness of ROCK inhibitors as new therapeutic tools but also the use of ROCK activity and/or expression as biomarkers of pathologic conditions. From such studies, leukocyte ROCK activity has been identified as a potential biomarker for predicting cardiovascular events, and ripasudil has been approved and launched in Japan for the treatment of glaucoma. It is thus likely that results from current basic and clinical research on ROCKs will continue to improve our knowledge of the role of ROCKs and the clinical indications of ROCK inhibitors in human diseases. Although the blood pressure-lowering effect of ROCK inhibitors makes them attractive candidates as new antihypertensive agents for both pulmonary and systemic hypertension, this can represent an undesirable side effect in uses for other indications. This potential limitation can be more or less easily circumvented depending on the nature and the severity of the targeted disease. For instance, local application of ROCK inhibitors (e.g., intraocular injections for eye diseases, dermal application for skin diseases, or inhalation for lung diseases) represents an efficient way to avoid systemic side effects. Better knowledge of the differential roles of ROCK1 and ROCK2, together with the development of isoform-specific ROCK inhibitors, is also expected to favorably address this issue.
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